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The term Tensegrity was coined by Fuller, in the early 1960s, as
the contraction for tensile integrity (Fuller, 1961). A tensegrity is a
mechanical structure made out of compressive and tensile ele-
ments where each element plays a ﬁxed role in the structure: com-
pressive elements only exert compression while tensile ones only
carry tensions. The stability of such systems depends on the equi-
librium between tensions and compressions exerted by the ele-
ments. Fig. 1 shows an example of a class-1 tensegrity.
Different patents have been applied for tensegrity systems al-
most simultaneously: Fuller (1962) and Snelson (1965) in EEUU,
and Emmerich (1963) in France. A deeper historical background
on tensegrity structures was given by Motro (1992, 2003).
The static analysis of tensegrities has reached a certain level of
maturity, with lots of contributions by different authors and ﬁelds
of study. See for instance Roth and Whiteley (1981), Connelly
(1999) for a mathematic perspective, Calladine and Pellegrino
(1992), Motro et al. (1986), Hanaor (1988) for studies about the
self-stress states of the structure, or Tarnai (1989), Vassart et al.
(2000) talking about the prestressability problem. A recent review
about tensegrity statics was given in Hernandez and Mirats-Tur
(2008b) presenting different existing deﬁnitions for tensegrity
structures, as well as their main properties.
The dynamics of tensegrities was ﬁrst studied by Motro et al.
(1986). Kanchanasaratool and Williamson (2002) studied dynamic
particle models while considering the bars to be massless; otherll rights reserved.
+34 934015750.
), jmirats@cetaqua.com (J.M.studies, as those by Skelton et al. (2001) or Sultan (1999) consider
mass on bars. Also non-linear models and their linearization have
been considered by Sultan et al. (2002). A recent survey on the
dynamics of tensegrity structures including current open research
problems was given in Mirats-Tur and Hernández (2009).
It has not been until this last decade that tensegrity systems re-
ceived attention from the robotics community. For instance, Al-
drich (2004) put together several simple tensegrity structures to
build a redundant manipulator robot. Paul et al. (2006) and Masic
and Skelton (2004) proposed different self-propelled tensegrity
architectures to build mobile robots. Recently, Mirats-Tur (2010)
demonstrated the feasibility of mobile robots made from tenseg-
rity systems.
Compressive elements are usually rigid bars while tensile are
cables. Both, bars and cables, can be actuated. A motor can be used
to change their length and, hence, change the conﬁguration of the
system. Two bars can only be in contact at their endpoints, like two
cables or a cable and a bar, and only because they are connected. To
ensure and preserve the integrity of the structure any contact be-
tween the elements must be avoided (unless, obviously, on the
connection points), specially during a motion.1.1. Collision detection
The problem of avoiding contact between different bodies, i.e.,
collision avoidance, has extensively been studied in different disci-
plines as robotics, computer animation and simulated environ-
ments, physical based modeling and molecular modeling.
3D collision detection algorithms can be mainly grouped in
space-time volume intersection, Cameron (1990), swept volume
interference, Gilbert and Foo (1990), multiple interference detec-
tion, Chazelle and Palios (1997), and trajectory parametrization,
Fig. 2. Two bar in the space: deﬁnitions of nodes and bar vectors.
Fig. 1. Example of a tensegrity structure of class 1.
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proach has been the most widely used, reducing the collision
detection to multiple calls to static interference tests, in most
cases, between simple geometric entities. Among those, four of
the most used algorithms are the ones relying on bounding boxes,
bounding spheres, binary space partition (BSP) trees and the Hub-
bard algorithm. Bounding boxes and spheres have a complexity of
Oðn2Þ where n is the number of objects. BSP trees algorithms are
well suited for complicated objects, although its complexity is
high, Oðn2 þm  hÞ where h is the number of levels of the tree
and m the number of intersections found. The Hubbard algorithm
makes use of sphere trees and space-time bounds to iteratively re-
ﬁne its accuracy, although it has the problem of reporting false
positives. Its complexity is Oðn2 þm2Þ. It is difﬁcult to evaluate
and compare collision detection algorithms, because in general
they are very sensitive to speciﬁc scenarios, i.e., the relative size
of the two objects, the relative position to each other, the distance,
etc., and it is beyond the scope of this paper to perform nor a com-
plete literature review neither a comparison of collision detection
methods.
Despite the huge literature on collision detection methods, only
recently they have been used for tensegrity systems in order to
compute free-collision trajectories allowing a shape change of
the structure. Le Saux et al. (2004a,b) dealt with the problem of
collision between two slender steel bars by using Moreau’s numer-
ical model of collisions involving restitution coefﬁcients. Authors
conclusion was that the Newton coefﬁcient of restitution varies
according to the impact location on the rods. Later on, de Wijdeven
and de Jager (2005) introduced this problem for shape changing
tensegrity structures, yet not providing a general solution. Hernan-
dez and Mirats-Tur (2008a) proposed adding constraints to the
form-ﬁnding optimization process which take into account all col-
lision related issues for the quasi-static case. Later on, from a con-
trol point of view, Hernandez et al. (2009) proposed the use of
predictive control techniques to avoid self-collisions between ele-
ments during a motion, although not providing a general frame-
work to solve the problem.
In this paper,wepresent twomethods that cannot be classiﬁed in
the groups above discussed. We provide a general and efﬁcient
framework for collisiondetection in the speciﬁc caseof shape chang-
ing tensegrity structures. The ﬁrst method (the exact approach) is
the solution of an optimal problem and its complexity is close to
those of the literature applied to a tensegrity structure, therefore it
can be taken as a reference to evaluate the computational efﬁciency
of the second algorithm (the approximate method).The non-contact conditions among the elements of a tensegrity
in motion may be seen as time-dependent, holonomic, unilateral
constraints. In general, to guarantee that there are no self-colli-
sions, it is necessary to consider any possible couple of different
elements and write
nlinksðnlinks  1Þ
2
ð1Þ
constraints, where nlinks is the sum of all bars and cables. For in-
stance, in the case of Fig. 1, there are 27 elements (21 cables and
6 bars) and 351 non-contact constraints. Eq. (1) gives the number
of constraints in the worst case. It can be easily seen that it becomes
quickly unmanageable as nlinks increases. However, in a well deﬁned
control task, some of the non-contact constraints between the bars
and/or the tendons may be eliminated by carefully evaluating the
speciﬁc structure. For example, sometimes it is known in advance
that some bars or tendons always move far away from other bars
or tendons, being impossible for them to collide.
The necessary and sufﬁcient condition so that there are no self-
contacts is:
di;j P 0 8i; j 2 L; i– j ð2Þ
where L is the set union of all bars and tendons and di;j is the dis-
tance between the ði; jÞ elements. In the following, and without loss
of generality, we shall consider bars to be regular cylinders. Hence,
(2) can be substituted by:
dm;n P dm;nmin > 0 8m;n 2 K; m – n ð3Þ
where K is the set of segments in R3 representing the cables (they
overlap with the cables) and the rods (they lie on the axis of the cyl-
inders) and dm;nmin is one half of the two bodies thickness sum.
The paper layout is as follows. Next section, hands in a method
to compute the exact value of dm;n as a solution of an optimal prob-
lem while in Section 3 we propose an heuristic algorithm to over-
estimate dm;n with a user deﬁned minimum error. In Section4 some
simulation results comparing the two algorithms are shown to-
gether with an estimate of the computation times.2. A real-time algorithm for exact collision detection
Consider two bars in R3 disposed in whichever orientation (see
Fig. 2). The case of two cables or a cable and a bar is identical. Let
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The following parametric equations describe a vector associated to
a given point on the ﬁrst bar, see Fig. 2,
p ¼ p1 þ b1  t ¼
x0 þ ux  t
y0 þ uy  t
z0 þ uz  t
0
B@
1
CA t 2 ½0;1 ð4Þ
in the same way, for the second bar,
q ¼ p3 þ b2  t0 ¼
x00 þ vx  t0
y00 þ vy  t0
z00 þ vz  t0
0
B@
1
CA t0 2 ½0;1 ð5Þ
The distance between two generic points P and Q, belonging to,
respectively, the segments P1P2
!
and P3P4
!
is:
d¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
x00 þvx  t0  x0 ux  t
 2 þ y00 þvy  t0  y0 uy  t 2 þ z00 þvz  t0  z0 uz  t 2
q
t; t0 2 ½0;1
ð6Þ
Computing d can be seen as an optimization problem where the
cost function JðzÞ ¼ dðt; t0Þðz ¼ ðtt0ÞTÞ must be minimized with re-
spect to z in the admissible set D deﬁned by the following
constraints:
g1ðzÞ ¼ t 6 0 ð7Þ
g2ðzÞ ¼ t  1 6 0 ð8Þ
g3ðzÞ ¼ t0 6 0 ð9Þ
g4ðzÞ ¼ t0  1 6 0 ð10Þ
Minimizing d on the set D is equivalent to minimize d2, with the
advantage that the latter is C2 in all points of D. So, from now on,
it is convenient to consider JðzÞ ¼ d2ðt; t0Þ.
D is a compact set (in ﬁnite dimensional space the compactness
property is equivalent to those of closeness and boundedness) and
JðzÞ is continuous on D. Therefore, thanks to Weierstrass theorem
we know that there exists a global minimum of JðzÞ in D (even if
it is possible that the minimum is not unique).
Consider the following function (Lagrangian):
Lðz; k0;gÞ ¼ k0  JðzÞ þ gT  gðzÞ ð11Þ
where k0 2 R and g 2 R4. The minimum of JðzÞ in D must be found
between the candidates given by:
@L
@z


¼ 0T ð12Þ
gi  giðzÞ ¼ 0 i ¼ 1 . . .4 ð13Þ
giðzÞ 6 0 i ¼ 1 . . .4 ð14Þ
k0 P 0 ð15Þ
gi P 0 i ¼ 1 . . .4 ð16Þ
with k0;gi not all null.
We rewrite JðzÞ as:
JðzÞ ¼ d2ðt; t0Þ ¼ a  t2 þ b  t02 þ c  t  t0 þ d  t þ e  t0 þ f ð17Þ
wherea ¼ u2x þ u2y þ u2z ¼ kb1k2 a > 0 ð18Þ
b ¼ v2x þ v2y þ v2z ¼ kb2k2 b > 0 ð19Þ
c ¼ 2uxvx  2uyvy  2uzvz ¼ 2bT1  b2 ð20Þ
d ¼ 2 x00  x0
 
ux  2 y00  y0
 
uy  2 z00  z0
 
uz ¼ 2  sT3  b1 ð21Þ
e ¼ 2 x00  x0
 
vx þ 2 y00  y0
 
vy þ 2 z00  z0
 
vz ¼ 2  sT3  b2 ð22Þ
f ¼ x00  x0
 2 þ y00  y0 2 þ z00  z0 2
¼ sT3  s3 ) f P 0ðf ¼ 0 () P1  P3Þ ð23Þ
Applying Eqs. (12)–(16) and recalling the constraints deﬁning the
admissible set D we obtain:
k0ð2  a  t þ c  t0 þ dÞ þ g1  g2 ¼ 0
k0ð2  b  t0 þ c  t þ eÞ þ g3  g4 ¼ 0
g1  ðt  1Þ ¼ 0
g2  t ¼ 0
g3  ðt0  1Þ ¼ 0
g4  t0 ¼ 0
k0 P 0; g1 P 0; g2 P 0; g3 P 0; g4 P 0
t P 0; t 6 1; t0 P 0; t0 6 1
ð24Þ
with k0;gi not all null. The reader can refer to the Appendix for de-
tails on the calculation of the solutions.
Summarizing, the problem of computing the distance between
two segments in R3 always has maximum nine candidates
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Each one of the above candidates is a real candidate for the mini-
mum only if z 2 D and gi P 0 8i 2 ½1 . . .4. Note that, the ﬁrst eight
solutions always take into account the endpoint of, at least, one seg-
ment (t and/or t0 ¼ 0 or 1). For the last candidate (the ninth), also
note that, from the Schwartz inequality applied to the vectors b1
and b2
bT1  b2
  6 kb1k  kb2k ð25Þ
we have
4  bT1  b2
 2 6 4kb1k2  kb2k2 ð26Þ
Fig. 3. Example of identiﬁcation of n1 equi-spaced points (deﬁned in (28)) on a
segment (blue line) starting from dmin. (For interpretation of the references to color
in this ﬁgure legend, the reader is referred to the web version of this paper.)
Fig. 4. An example of worst case in R2.
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c2 6 4  a  b ð27Þ
Besides c2 ¼ 4  a  b if and only if the two bars are parallel.
To compute the distance between two segments in R3 it is pos-
sible to determine the nine candidates as described above (the
ninth only exists if the segments are not parallel), discard those
ones which do not comply with the constraints on the zi and gi
variables, and compute the cost function in the remaining points.
The distance between the couple of points (deﬁned by a value for
t and t0) which give the lowest value of the cost function is the dis-
tance between the segments ðdm;nÞ and can be used in Eq. (3).
3. A real-time heuristic algorithm for fast collision detection
A way to guarantee that Eq. (2) holds without computing the
distance between two segments in the space is to ensure that a cer-
tain subset of points of the segments satisfy an appropriate dis-
tance condition.
Theorem 1. Given two segments in R3 with length l1 and l2, ﬁx a
desired minimum distance dmin. Identify n1 and n2 equi-spaced points
on the segments (including their endpoints),
n1 ¼
bl1=dminc þ 1 if bl1=dminc > 0
2 if bl1=dminc ¼ 0

ð28Þ
n2 ¼
bl2=dminc þ 1 if bl2=dminc > 0
2 if bl2=dminc ¼ 0

ð29Þ
and deﬁne
k1 ¼
l1
bl1=dminc if bl1=dminc > 0
l1 if bl1=dminc ¼ 0
(
k2 ¼
l2
bl2=dminc if bl2=dminc > 0
l2 if bl2=dminc ¼ 0
(
If the following condition holds, then, the two segments have a distance
greater than or equal to dmin:
dðP1; P2ÞP
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
d2min þ
k2
2
s
ð30Þ
8P1 2 set of n1 points of segment 1
8P2 2 set of n2 points of segment 2 ð31Þ
where
k ¼ maxfk1; k2g
Note that by deﬁnition kP dmin. Besides, it results
dmin 6 k1j2 < 2dmin
and, 8P1; P2, if Eq. (30) holds than
dmin
ﬃﬃﬃ
3
2
r
6 dðP1; P2Þ ð32Þ
Fig. 3 gives an example of how to ﬁx the points to test the condition
(30).
The theorem establishes a sufﬁcient condition, therefore, a
proof can be given referring to the worst case. The proposed proof
follows from a geometric inspection. We start assuming that the
condition (30) is true and demonstrate the thesis for the worst
cases in R2 and R3.
Proof. We begin considering two coplanar segments. The worst
case occurs when some points of the two segments apart from the
Pi points are at the lowest possible distance compatible withcondition (30). This occurs when condition (30) is veriﬁed with
equality sign for, at least, two consecutive points of a segment.
Fig. 4 shows a case of two parallel segments. Deﬁne
r ¼ dðP1; P2Þ ¼ dðP1; P3Þ
By geometric construction we can write
h ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
r2  k
2
1j2
4
s
where k1j2 indicates indifferently k1 or k2. Using condition (30) with
the equality sign we conclude
h ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
d2min þ
k2
2
 k
2
1j2
4
s
P dmin
If the segments are not coplanar, they cannot even be parallel. In
such case the segments are skew. It is known that for every couple
of skew lines there are always two (and only two) parallel planes on
each of which lies one of the two straight lines (see for example
page 21 in Lines (1965)). In the following, with the expression
‘‘planes of the segments” we want to refer to such planes.
Similarly to the planar case, in R3 the worst case occurs when
the condition (30) is veriﬁed with the equality sign for two
consecutive points Pi of a segment. This fact can happen, for
example, when the projection of one segment on the plane of the
other is perpendicular to it. Fig. 5 shows a case in which four
distances between consecutive Pi points satisfy condition (30) with
equality sign. Since all other cases in R3 are simpler and can be
studied referring to this example we shall focus on this situation.
Deﬁne:
r ¼ dðP1; P3Þ ¼ dðP1; P4Þ ¼ dðP2; P3Þ ¼ dðP2; P4Þ
By inspection of Figs. 5 and 6
r2 ¼ s2 þ k
2
1j2
4
s2 ¼ h2 þ k
2
1j2
4
Fig. 5. An example of worst case in R3.
Fig. 6. A perspective view of the example in Fig. 5.
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obtain:
h ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
r2  k
2
1j2
4
 k
2
1j2
4
s
where the two terms in k21j2 cannot be simpliﬁed because they can
refer to different quantities.
Now, if condition (30) is satisﬁed with equality sign,
h ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
d2min þ
k2
2
 k
2
1j2
4
 k
2
1j2
4
s
P dmin
which completes the proof. h
Note that the developed theorem establishes a sufﬁcient condi-
tion for having at least the distance dmin between segments. Also,
inequality (30) only involves algebraic computations. Given two
segments, inequality (30) must be computed for n1  n2 couples of
points. The greater is dmin the less is the number of computations
required to verify Eq. (30) (because n1 and n2 decrease when dmin
increase).
4. Simulation results
In this section, we present some simulation results which com-
pare the algorithms shown in Sections 2 and 3. The exact method
in Section 2 has similar computational complexity to those meth-
ods we ﬁnd in the literature, so comparing the method in Section 3
against it is equivalent to compare to other existing methods, at
least in terms of computational efﬁciency. However, it is beyond
the scope of this work to make a whole review and comparison
of already existing methods. We ﬁrst illustrate a simulation carried
out on a simple but very signiﬁcative system: a prismatic tenseg-
rity made up of three bars. Successively, we show the results of a
simulation carried out on a more complex system: a two stage
prismatic tensegrity. In the last subsection, we discuss the perfor-
mances of the proposed methods comparing the measured compu-
tation times in different situations.4.1. One stage prismatic tensegrity system
Consider a prismatic tensegrity system with 12 cables. Fig. 7
shows some snapshots of a stabilizing motion of a tensegrity prism
around the ﬁnal symmetric equilibrium conﬁguration (last snap-
shot). A friction force (viscous) has been modeled to make the sys-
tem dissipative and the equilibrium stable. The ﬁrst snapshot
illustrates the starting position, which differs from the equilibrium
only for the position of a node of the blue bar. The simulation is
carried out by choosing the length of the bars and the length of
the cables in a way that all the cables are in tension during the en-
tire motion. Viscous friction is also taken into account to make the
system dissipative.
Black arrows attached to the nodes represent the total force ap-
plied to the bar endpoints as result of the tensile actions of the
cables. At the equilibrium, such forces are directed along the bars
and cancel each other in pairs. For each sample time, directions
and lengths of the black arrows provide a good understanding
about how a bar is moving.
Fig. 8 shows the distances between the axes of the bars in pairs
during the motion and the minimum distance between all of them
for each time step.
Consider now the problem of ﬁnding possible collisions be-
tween the bars while in motion. A collision arises when two bars
come into contact (physical collision) or when they reach a dis-
tance which is equal to or less than a speciﬁed security distance
(virtual collision). Our approach consists in taking a measure of
the distances between the segments collinear with the axes of
the bars and testing if the condition (3) is satisﬁed. To compute
the distances we applied and compared the two proposed algo-
rithms in previous sections. The radius of all bars are ﬁxed to
1 cm, hence, a physical contact occurs when the distance between
axes is less than or equal to 2 cm.
Fig. 9 shows the results of the real-time tests carried out in
three different situations. We ﬁrst checked for physical contacts
(dm;nmin ¼ 2 cm; see Eq. (3)). The ﬁrst picture in Fig. 9 shows that both
algorithms state the same result: the bars never come in contact
during motion. Theorem 1 worked ﬁne even if the green and the
blue bars reached a minimum distance of only 3.1 cm after,
approximately, 200 ms (see Fig. 8).
In the second simulation we ﬁxed a security distance of 3 cm
ðdm;nmin ¼ 5 cmÞ. Despite the bars never reached this distance (see
Fig. 8), the approach based on Theorem 1 detects the bars are in
contact for a short period of time starting from t3 (see the second
picture in Fig. 9). This is the consequence of the fact that the theo-
rem only states sufﬁcient conditions, hence it is conservative with
respect to the exact method.
To better compare both methods, we did a third simulation in
which also the exact evaluation of the distances detects a contact.
In this third case the security distance was ﬁxed to 8 cm
ðdm;nmin ¼ 10 cmÞ. The third picture in Fig. 9 shows that the algorithm
based on Theorem 1 reports a contact only 10 ms before the real
event and continues to detect it for 120 ms more than the exact
method.
4.2. Two stages prismatic tensegrity system
To prove the effectiveness of the proposed algorithms, we pres-
ent now the results of a simulation carried out on a two levels pris-
matic tensegrity. The system is made up of 6 bars and 21 cables.
Each level has 3 bars in vertical position. At the ﬁrst level (the low-
est level) the bars are connected by means of 3 cables at the base
and by means of 6 vertical cables. At the second level (upper level)
there are 3 vertical cables and 3 horizontal cables between the
nodes of the upper triangle. At last, at the intersection of the two
stages, there are 6 horizontal cables. Fig. 10 shows the system in
Fig. 7. Snapshots of a tensegrity system stabilizing around a stable conﬁguration.
1716 M. Cefalo, J.M. Mirats Tur / International Journal of Solids and Structures 47 (2010) 1711–1722a steady state and Fig. 11 shows the initial state of the simulation.
Two bars have been moved with respect to the equilibrium conﬁg-
uration. More precisely, the blue bar of the lowest level has been
shifted keeping unchanged the z coordinate of the nodes. Besides,
the green bar of the upper level has been pulled out toward to
the exterior. Due to the viscous friction, the system is dissipative
and moves asymptotically towards the equilibrium. Like in the pre-vious simulations, we chose the length of the bars and the length of
the cables in such a way that all the cables are in tension during the
entire motion. The simulation run until there was a physical con-
tact between the bars. Fig. 12 shows a stroboscopic picture of the
stabilizing motion towards the equilibrium, until the instant of
the contact, which occurs at t ¼ 112 (ms), between the green and
the blue bar of the upper level. A red spot in the ﬁgure highlights
Fig. 8. Distances between the bars during motion.
Fig. 9. Real-time collision detection tests.
Fig. 10. Equilibrium state.
Fig. 11. Initial state.
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direction of the bars and help to understand how the system dy-
namic evolves.
In this simulation we tested the collision detection algorithms
above exposed to identify the ﬁrst physical contact between the
bars. The radius of all bars are ﬁxed to 1 cm, like in the previoussimulations, hence, a physical contact occurs when the distance
between the axes of two bars becomes equal to 2 cm. Fig. 13 shows
the distances between the axes of the bars in pairs during the mo-
tion. Fig. 14 shows the minimum distance between all the bar.
Fig. 12. Motion until the contact between the green and the blue bar of the upper level (red circle). (For interpretation of the references to color in this ﬁgure legend, the
reader is referred to the web version of this paper.)
Fig. 13. Distances between bars.
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evaluation of the distances and the approximate method (based on
Theorem 1). Even in this case the second approach worked ﬁne.
The approximate method reveals a contact at the sample time
t ¼ 111 (ms), i.e., only 1 ms before the real event, when the dis-
tance between the green and blue bars of the upper level is
3.3 mm (the distance between the axes is 2.33 cm).
Simulations showed that the algorithm based on Theorem 1 is
faster and requires less memory than the exact method based onthe solution of an optimal problem. Despite it is only an approxi-
mate method, results compared with the exact method are qualita-
tively good. In some applications it could be preferable to save
computation time and memory space with respect to the exactness
of the solution, if the error of the non-exact approach can be
bounded and is acceptable. This is the case, for instance, of the
applications in which the controller of a tensegrity system is built
in a small and cheap programmable logic device. Usually such de-
vices have a very limited memory and moderate performances.
Fig. 14. Minimum distance between all bars.
Fig. 15. Real-time collision detection test.
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The previous simulations prove the effectiveness of Theorem 1
in terms of the evaluation of the moment in which the contact oc-
curs. In this section, we present the results of some comparative
tests aimed to evaluate the computation times of the two proposed
approaches. We will show that the approximate method often re-
quires less time and is therefore a good alternative to the exact
method.
The exact method requires a ﬁxed time to compute the candi-
dates, discard the points that do not comply with the constraints,
evaluate the cost function on the remaining points and determine
the minimum, which is the distance. The required time is the same,
regardless of the orientation of the bars and their distance.Fig. 16. Comparison of the computationThemethod derived fromTheorem1, on the contrary, is based on
the choice of a value for the test distance and on a certain number of
inequalities to be veriﬁed (see Eq. (30)), which depend on the num-
berof the test points. These, in turn, areﬁxedoncegiven the lengthof
thebars and thevalueof thedistance tobe checked (seeEqs. (28) and
(29)). The number of test points decreases if the test distance in-
creases or the lengths of the bars decreases. The time required by
the approximate method is therefore variable, and is bounded from
below (the minimum number of test points is 4:2 on each bar).
To compare the behavior of the two algorithms,we examined the
computation time required to test if two bars of ﬁxed length are or
not at a speciﬁed distance.We repeated the experiment three times,
varying the relative position of the bars in the space. The length of
the bars is ﬁxed to 1 m while the test distance varies from few cen-
timeters to the double of the length of the bars. The simulationshave
been carried out inMatlab, on a 64-bitWindowsplatformbased on a
Intel Core 2 Duo processor (T8300) running at 2.4 GHz. Each single
collision test has been iterated 1000 times, and the average of the
computation times has been considered. To get the time measures,
we wrote a program using the Matlab commands tic and toc, which
are the most suitable to estimate the elapsed time.
Apart of the number of test points, the approximate method can
also take advantage from the relative position of the bars. Indeed,
as soon as a test of Eq. (30) fails, the algorithm may return a con-
tact. Dependently on the position of the bars, it may happen that
the tests (30) fail with the ﬁrst test points. In such cases this meth-
od is very fast. On the contrary, the worst case occurs when all the
inequalities have to be evaluated, that is, when the bars are at a
distance greater than the test value. Fig. 16 shows an example of
the worst case: the bars are at a distance of 2.12 m and the collision
conditions always fail since the test distance varies in the interval
[0.1,2] (m). The plots show that the approximate method is always
faster than the exact method as soon as the value of the distance to
test becomes greater than the 20% of the length of the bar itself. In
such a case, the approximate method offers almost the 50% savings
in computational cost. For a tensegrity moving from a conﬁgura-
tion without contacts, the most of the elements (bars and cables)
usually have distances greater than the 20% of their lengths, so
the approximate method actually results effective.
Consider now two bars disposed like in Fig. 17 (the distance is
0.082 (m)). Using the same interval for the test distance as in the
previous simulations, both algorithms always reveal a contact
and the approximate method requires, approximatively, the same
time as in the previous simulations. This is due to the fact that
for each value of the test distance, conditions (30) always fail for
the last pair of test points.
Finally, Fig. 18 shows a conﬁguration for which the algorithm
based on Theorem 1 always fails on the ﬁrst pair of test points
(the best case). In this case the approximate approach is always
faster than the exact method: it takes almost always approxima-
tively half the time.times of the two algorithms: case I.
Fig. 17. Comparison of the computation times of the two algorithms: case II.
Fig. 18. Comparison of the computation times of the two algorithms: case III.
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cylindrical bars, however disposed in the space, respect or not a de-
sired distance. When applied to a tensegrity system, this methods
require to compute a lot of tests (see Eq. (1)), theoretically for each
pair of elements (bars or cables). This number increases quickly
when the number of links grows. To reduce the cost of the collision
detection algorithm, it should be considered that, often, some bars
moves far from others and it may be known in advance that a col-
lision between them cannot occur. This means that the test on the
distance between couples of cylinders does not need to be per-
formed for all the possible pair of bars or cables, as well as, for ele-
ments sharing a common endpoint it is probably better to check for
a minimum angle between them. Both the proposed approaches
could therefore be integrated in a higher level logic with the goal
of detecting which couple of bars needs, at each sample time, to
be checked for collisions.5. Conclusions
We proposed in this paper two methods to tackle the problem
of collisions between structural member for a tensegrity structure.
Both methods are based on the evaluation of distances between
two regular cylinders and are directly applicable to tensegrities
made of simple cylindrical bars.
The ﬁrst approach allows to exactly compute the distances as
the solution of an optimal problem where the cost function coin-
cides with the distances between two generic points of the cylin-
ders axes. This method always requires the same amount of
resources, regardless of the relative orientation of the bars and
their dimensions. The second approach is based on a new theorem
which only states sufﬁcient conditions, for having chosen a mini-
mum clearance between members. As such, results obtained using
the second approach are conservative, as it has been shown on the
carried simulations. The proposed theorem can be used to verify
whether two cylinders are or not at a desired distance. However,
being a conservative test, there exists the possibility that it fails
provided the two bodies are at a real distance which is very close
to the test distance.Simulations demonstrated that in practical cases the heuristic
approach gives good results in terms of qualitative behavior and
better performances regarding to the resources required for the
implementation. It is a good alternative to the exact method in
all the applications where the limits of memory and performances
cannot be neglected (for example on microcontrollers).
We have already worked on a prototype of tensegrity based
robot, see Mirats-Tur (2010). With the presented collision detec-
tion algorithm in hands, future research includes obtaining a
proper control laws. Author’s are currently working on a control
law that, given a goal point, provides the necessary length
changes of the structure’s elements so as to achieve the goal in
a required time. In fact, the issue of how to control the structure
to change its shape as well as to move it remains an open and
challenging question in the literature. In the near future we shall
investigate how to combine actuated bars and cables so as to
have a hyper-actuated structure. We shall also investigate further
on a high level logic for collisions detection based on Theorem 1
implementations as well as on the error estimates for the approx-
imate method proposed.
Despite their huge potential of applicability only a few struc-
tures of this kind have been built at the present time. Tensegrity
have already been shown to have superior features than traditional
approaches in areas like architecture or civil engineering, and some
of their properties, such as high energetic efﬁciency, deploy-ability,
deform-ability and redundancy, as well as their biological inspira-
tion, make this kind of structures good candidates to design both
mobile robots and manipulators. So we think that a good ﬁeld of
application for such structures is to allow them move by the use
of adequate actuators and sensors, and expect that in the next
years research on tensegrity structures will focus on their dynam-
ics and control, and, in our speciﬁc interest, obtaining new deform-
able and totally environmental adaptable robots.Appendix A. Computation of the candidates of the exact
solution
The solutions of Eq. (24) can be studied for k0 ¼ 0 (non-normal
candidates) and for k0 – 0 (normal candidates, usually k0 ¼ 1). It is
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there are no non-normal candidates.
Substituting k0 ¼ 1, all normal candidates can be derived. We
can start, for instance, from the fourth equation of (24). It can only
be true for t ¼ 0, which implies (from the third) g1 ¼ 0, or for
g2 ¼ 0. Let us start studying the ﬁrst case. The equations become:
c  t0 þ d g2 ¼ 0
2  b  t0 þ eþ g3  g4 ¼ 0
g3  ðt0  1Þ ¼ 0
g4  t0 ¼ 0
g2 P 0; g3 P 0; g4 P 0
t0 P 0; t0 6 1
t ¼ 0; g1 ¼ 0
ðA:1Þ
From the fourth of (A.1), we only have two possibilities: t0 ¼ 0 or
g4 ¼ 0. Imposing t0 ¼ 0 we obtain the following solution:
t ¼ 0; t0 ¼ 0; g1 ¼ 0; g2 ¼ d; g3 ¼ 0; g4 ¼ e
while imposing g4 ¼ 0 we obtain the system:
c  t0 þ d g2 ¼ 0
2  b  t0 þ eþ g3 ¼ 0
g3  ðt0  1Þ ¼ 0
g2 P 0; g3 P 0
t0 P 0; t0 6 1
t ¼ 0; g1 ¼ 0; g4 ¼ 0
ðA:2Þ
Starting from the third equation, the following two solutions of the
system (A.2) can be easily found:
t ¼ 0; t0 ¼  e
2b
; g1 ¼ g3 ¼ g4 ¼ 0; g2 ¼ d
c  e
2b
t ¼ 0; t0 ¼ 1; g1 ¼ g4 ¼ 0; g2 ¼ c þ d; g3 ¼ e 2b
Let us study now the system (24) for k0 ¼ 1 and g2 ¼ 0. The system
becomes:
2  a  t þ c  t0 þ dþ g1 ¼ 0
2  b  t0 þ c  t þ eþ g3  g4 ¼ 0
g1  ðt  1Þ ¼ 0
g3  ðt0  1Þ ¼ 0
g4  t0 ¼ 0
g1 P 0; g3 P 0; g4 P 0
t P 0; t 6 1; t0 P 0; t0 6 1
g2 ¼ 0
ðA:3Þ
As before, from the ﬁfth equation of system (A.3) we can study two
cases: t0 ¼ 0 (which implies g3 ¼ 0) and g4 ¼ 0. In the ﬁrst case the
system becomes:
2  a  t þ dþ g1 ¼ 0
c  t þ e g4 ¼ 0
g1  ðt  1Þ ¼ 0
g1 P 0; g4 P 0
t P 0; t 6 1
t0 ¼ 0; g2 ¼ 0; g3 ¼ 0
from which we derive the following two solutions:
t ¼  d
2a
; t0 ¼ 0; g1 ¼ g2 ¼ g3 ¼ 0; g4 ¼ e
c  d
2a
t ¼ 1; t0 ¼ 0; g1 ¼ 2a d; g2 ¼ g3 ¼ 0; g4 ¼ eþ c
There still remains the case of system (A.3) with g4 ¼ 0. We obtain:2  a  t þ c  t0 þ dþ g1 ¼ 0
2  b  t0 þ c  t þ eþ g3 ¼ 0
g1  ðt  1Þ ¼ 0
g3  ðt0  1Þ ¼ 0
g1 P 0; g3 P 0
t P 0; t 6 1; t0 P 0; t0 6 1
g2 ¼ 0; g4 ¼ 0
ðA:4Þ
Studying the third equation, we can have: g1 ¼ 0 or t ¼ 1. In the
ﬁrst case the system becomes:
2  a  t þ c  t0 þ d ¼ 0
2  b  t0 þ c  t þ eþ g3 ¼ 0
g3  ðt0  1Þ ¼ 0
g3 P 0
t P 0; t 6 1; t0 P 0; t0 6 1
g1 ¼ 0; g2 ¼ 0; g4 ¼ 0
which gives rise to the following solution:
t ¼  c þ d
2a
; t0 ¼ 1
g1 ¼ 0; g2 ¼ 0; g3 ¼ e 2bþ c 
c þ d
2a
; g4 ¼ 0
and to the solution associated to the condition g1 ¼ g2 ¼ g3 ¼
g4 ¼ 0. The latter is described by the following equations:
2  a  t þ c  t0 þ d ¼ 0
2  b  t0 þ c  t þ e ¼ 0
t P 0; t 6 1; t0 P 0; t0 6 1
g1 ¼ g2 ¼ g3 ¼ g4 ¼ 0
and is:
t ¼ c  d 2  e  a
4  a  b c2 ; t
0 ¼ e  c  2  b  d
4  a  b c2
g1 ¼ 0; g2 ¼ 0; g3 ¼ 0; g4 ¼ 0
In case in system (A.4) we put t ¼ 1 we have:
2  aþ c  t0 þ dþ g1 ¼ 0
2  b  t0 þ c þ eþ g3 ¼ 0
g3  ðt0  1Þ ¼ 0
g3 P 0
t0 P 0; t0 6 1
t ¼ 1; g1 ¼ 0; g2 ¼ 0; g4 ¼ 0
from which we obtain the last two potential candidates:
t ¼ 1; t0 ¼  c þ e
2b
g1 ¼ 2a dþ c 
c þ e
2b
; g2 ¼ 0; g3 ¼ 0; g4 ¼ 0
t ¼ 1; t0 ¼ 1
g1 ¼ 2a c  d; g2 ¼ 0; g3 ¼ 2b c  e; g4 ¼ 0References
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